Electrical properties of native sarcoplasmic reticulum membranes from rabbit skeletal muscle were investigated using the patch-clamp technique. Bilayers were assembled at the tip of patch pipettes from monolayers formed at the air-water interface of sarcoplasmic reticulum membrane suspensions. The membranes were found to contain a spontaneously active cation channel of small conductance (5 pS in 200 mM CaC12, symmetrical solutions) that was selective for Ca2+ and Ba2+. Between 50 and 200 mM CaCl2 (symmetrical) the increase in conductance as a function of [Ca2+J fit a hyperbola (KO.5, 83 mM, and y.., 7.9 pS) that extrapolated to a single-channel conductance of 0.5 pS at physiological Ca2+ levels. The channel opened in bursts followed by long silent periods of up to a minute. During a burst the channel fluctuated very rapidly with time constants in the millisecond range. The mean burst duration was voltage dependent, increasing from 1.8 s at a pipette voltage of +60 mV to 4.1 s at +80 mV. Over this range, burst frequency decreased with increasing voltage such that the fraction of time spent in the open state (fb) remained constant. Application of 1.6 mM caffeine resulted in activation of the channel that appeared as an increase in mean burst duration. In contrast, 50 jIM dantrolene significantly decreased burst frequency, whereas 10 ,uM nitrendipine had no effect. The functional and pharmacological properties of this Ca2+ channel suggest that it may be important in mediating Ca2+ release from the sarcoplasmic reticulum during excitation-contraction coupling.
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Transient depolarization of the transverse tubular system during excitation of skeletal muscle elicits a rapid release of Ca2" from the sarcoplasmic reticulum (SR) into the myoplasm that initiates contraction (1) . Although the mechanism of Ca2+ release during excitation has been postulated to involve activation of a Ca2+ channel (2) (3) (4) (5) , experimental support for this hypothesis has been difficult to obtain partly because of the inaccessibility of the SR to direct electrical recording and because of the difficulty in producing Ca2+ release in isolated SR preparations at rates compatible with in vivo function (6) . Investigation of this problem has been greatly facilitated by the development of the patch-clamp technique (7) that has allowed direct recording of the singlechannel currents in cell membranes and in bilayers assembled at the tip of patch pipettes (8) (9) (10) . In the present study, we used the latter approach (known as the "tip-dip" method) to investigate the behavior of ionic currents in native SR membranes prepared from rabbit white skeletal muscle. We present here direct evidence for the presence of a channel in these membranes that appears to be capable of sustaining the Ca2+ fluxes necessary for activation of the myofilaments in vivo.
METHODS
Membrane Preparation. SR vesicles were isolated from rabbit white skeletal muscle according to a described method (11) and washed several times in 10 mM Tris/Hepes buffer, pH 7.0, to reduce the level of K+ contamination (<50 ,uM as determined by atomic absorption spectrophotometry) and eliminate charge movement through K+-selective channels (12) . The washed membrane vesicles were suspended in the same buffer and used immediately or frozen in liquid nitrogen and stored at -80°C. Separation of the SR vesicles into light, intermediate, and heavy components was achieved by subjecting them to isopycnic zonal centrifugation on a continuous 20-50% (wt/vol) sucrose gradient as described by Gilbert and Meissner (13) . Prior to washing, the unfractionated SR exhibited levels of oxalate-facilitated ATP-dependent 45Ca2+ uptake (14) that were 30-50 times higher than those found in the crude muscle homogenate. The extent of contamination due to mitochondrial and sarcolemmal proteins, estimated from the level of succinate dehydrogenase and Na,K-ATPase activity present in the unfractionated SR and in preparations highly enriched in these organelles (13, 15, 16) , was 1.9% and 1.3% of the total microsomal protein, respectively. Electrophysiological Recording. Gigaseals (10-20 Gohm) were obtained with the tip-dip method (8-10) from the monolayer spontaneously formed at the air-water interface of a suspension of the SR membranes. Unless otherwise indicated, SR vesicles were preincubated for 5 min at 0°C in a medium containing 200 mM CaCl2 and 10 mM Tris/Hepes, pH 7.0, and were added to the bath maintained at 22-24°C at a protein concentration of 2-8 mg/ml. High resistance seals were formed by using pipettes with a minimum open tip resistance of 10 MQl to ensure the formation of reproducible seals and stable patches. Drugs were applied either by injection from a separate pipette with a 30-to 40-,m tip opening held near the patch or by perfusing the chamber with the appropriate buffers and modifiers.
Single-channel currents were recorded with a patch-clamp amplifier equipped with a 50-Gfl feedback resistor in its head stage (EPC-7, List Electronic, Darmstadt, F.R.G.) at a low-pass filter setting of 10 kHz. The output from the amplifier (500 mV/pA) was recorded on FM tape with a DC to 10 kHz bandwidth and later post-filtered at 500 Hz with an 8-pole Bessel filter and digitized at 5 kHz with a Nicolet 4094 oscilloscope. Analysis of CaCl2 in the pipette and bath solutions. Because of the frequent appearance of two or more current levels at high polarizations of the patch pipette, it was necessary to limit measurements to test voltages below +100 mV. In 200 mM symmetrical Ca2+ (Fig. 1B) , the unitary current amplitude increased linearly from 0.1 pA at a transmembrane potential of +20 mV to 0.4 pA at +80 mV, yielding a slope conductance of 5.6 ± 0.5 pS (mean ± SEM; n = 9).
Under our experimental conditions (200 mM symmetrical CaCl2 and positive voltages inside the pipette), patch recordings gave downward deflections that could correspond either to the "inward" movement of Ca2+ (pipette to bath) or to the "outward" movement of Cl-(bath to pipette), the two main conductive species. Nonsymmetrical conditions were used to identify the charge-carrying species and to test the selectivity of this channel for mono-and divalent cations. With 100 mM CaCl2/1 mM NaCl in the pipette and 1 mM CaCl2/150 mM NaCl in the bath, the unitary current increased less steeply with voltage (slope conductance, 2.2 pS) and gave an I-V (current to voltage) curve that extrapolated linearly to a zero current value of -70 mV (Fig. 1B) . This is similar to the calculated equilibrium potential for Ca2+ of -59 mV but is in the opposite direction to ENa (+11 mV) and Ec1 (+129 mV).
A similar experiment carried out by lowering the CaCl2 in the bath from 200 to 25 mM while maintaining 200 mM CaCl2 in the pipette gave a slope conductance of 8 pS and an extrapolated reversal potential of -15 mV, close to the Nernst potential for Ca2+ of -25 mV (data not shown). Efforts to eliminate the contribution from anionic channels by adding 2 mM 4-acetamido-4'-isothiocyanatostilbene-2,2'-disulfonic acid (SITS) (19) (20) . Substitution of 100 or 200 mM (symmetric) Ba2+ for Ca2`as charge carrier produced no apparent change in the bursting behavior but increased the singlechannel conductance by about 30%, similar to the increase found in other tissues (20) . In contrast, addition of 1 mM of the chloride salts of either La3`or Cd2+-ions known to block Ca2+ currents in cell membrane patches (20) The unfractionated preparation that was used in the majority of these experiments formed seals with a frequency between that of the heavy and light SR (21.1%, 209 trials). The source of this variation is unknown but may be related to an intrinsic property of the membrane that affects its ability to form a stable monolayer at the air-water interface (24) . A salient feature of this channel is its peculiar activation pattern exemplified by the current trace shown in Fig. 3A . At a steady polarization of +80 mV with 200 mM CaCl2 present on both sides of the membrane the channel typically exhibited bursts lasting several seconds followed by quiescent periods of up to one minute. While active, the channel fluctuated rapidly with open-close transitions in the millisecond range. The histograms of the open and closed lifetime distributions corresponding to the slow and fast bursting patterns are shown in Fig. 3 B-D . For the slow bursting behavior, the distribution of open-state lifetimes is adequately described by a single exponential (Fig. 3B) , although an almost equally good fit was obtained with a sum of two exponentials in which about 6% of the bursting events were distributed in a component with a mean lifetime of 12 s. In contrast, the long silent periods between bursts have a biexponential distribution (taking into consideration closed times <20 s) with mean lifetimes of 0.74 and 11.32 s (Fig. 3C) . The possibility that the distribution of closed times might include a third component of even longer duration is suggested by the presence of an appreciable fraction (10%) of closures with lifetimes greater than 30 s.
Comparison of current traces obtained at different pipette potentials indicated that the channel slow bursting activity is voltage-dependent. This was apparent in the mean burst duration that increased from 1.8 ± 0.1 to 4.4 ± 0.7 s (P < 0.001) as the holding potential was raised from +60 to +80 mV (Fig. 4A) . Over this range, the burst frequency declined from 7.7 ± 0.7 to 3.4 ± 0.5 min-(P < 0.001) so that the ratio ofthe time spent in the active phase to the total recording time (defined as the fractional bursting time, fb) remained essentially unchanged. Above +80 mV multiple current levels (25) and SR Ca2+ release (26) , reduced the fractional bursting time from 0.238 ± 0.043 (n = 5) in controls to 0.085 ± 0.030 (n = 9) (Fig. 4B) . Analysis of the frequency and distribution of the burst durations in the presence of dantrolene showed that this effect apparently resulted from a significant (P < 0.001) decrease in the burst frequency without a change in mean burst duration. Ruthenium red (27) , added at a concentration of 50 ,uM, produced a smaller decrease infb (0.178 + 0.053) that was not significantly different from the control value. At a concentration of 10 ,uM, nitrendipine [a dihydropyridine known to block Ca2+ channels in transverse tubular membranes (28) ] produced no change infb (0.286 ± 0.098; n = 4), nor did it alter the burst frequency or mean burst duration. None of these agents affected the single-channel conductance for Ca2+.
In marked contrast to the effects observed with dantrolene, caffeine (29) introduced at a relatively low concentration (1.6 mM) dramatically increased the activity of the Ca2+ channel (Fig. 5) . Compared to the control trace obtained prior to application of the drug, the burst intervals were longer and more frequent and often displayed more than one current level. Activation took place within seconds without a significant change in the single-channel conductance but decreased thereafter, even during sustained application of the drug.
DISCUSSION
These results demonstrate that membranes derived from the SR of skeletal muscle contain a spontaneously active cationic channel that is selectively permeable to Ca2+ and Ba2+ and is blocked by Cd2+ and La3". Drugs known to affect the process of Ca2' release from SR in skinned muscle fiber preparations and isolated SR vesicles were found to be effective in modulating the activity ofthis channel. Relatively low concentrations of caffeine increased the fractional bursting time (fb) by increasing the mean burst duration, whereas dantrolene (at +80 mV) produced a significant decrease infb by decreasing the burst frequency without affecting the mean burst duration. Ruthenium red produced changes similar to those caused by dantrolene except that effects were less pronounced, presumably because of strong competition by Ca2l at the binding site. These results, in addition to the fact that 10 gM nitrendipine failed to alter the channel activity, strongly support the view that the unitary current fluctuations reported here originate from Ca2l channels in the SR membrane.
The SR Ca2+ channel has unique characteristics but it resembles the transient T-type channel described in sensory neurones (30) and ventricular cells (31) in its small conductance, its ability to retain functional activity in isolated membranes and its insensitivity to dihydropyridines. Unlike the T channel, however, the SR channel opened spontaneously and did not show transient activation in response to voltage pulses.
Smith et al. (32) (34) resulting in a shorter mean closed time. The fact that the burst frequency declined as the potential was raised leaving the fractional bursting time unchanged (Fig. 4A) implies that the gating mechanism includes an additional closed state whose occupancy increases at higher voltages, which could be an expression of channel inactivation. Further evidence for this may be found in the closed duration histogram for the slow bursting behavior (Fig. 3C) (31) . This is strengthened by the fact that in isolated SR membrane vesicles Ca2" release induced by chemical depolarization (35) is blocked by the addition of high concentrations of Ca2".
An important criterion that must be fulfilled to ensure the rapid development of tension in muscle subsequent to electrical stimulation is a rapid release of Ca2+ from the SR to the myofibrillar proteins. In terms of charge moving capacity the 125-pS channel would appear to be better suited to meet this requirement than the Ca2+ channel described here. It is interesting to note, however, that a close agreement exists between the single current density of the (36) estimated that Ca2' release from the SR occurs with an initial rate of 36 MkM/ms that corresponds to a macroscopic current density of -100 piA/cm2 SR membrane. On the assumption that the Ca2' release sites are correlated 1:1 with the electron-dense foot processes of the transverse tubular system (37), they calculated a singlechannel current density of 0.02-0.03 pA. This value is similar to that obtained by Melzer et al. (38) from an analysis of the intramembrane charge movement associated with SR Ca2' release. In the present study, extrapolation of the conductance vs. concentration relationship (Fig. 2) to a physiologic Ca2+ level (5 mM) gave a single-channel conductance of 0.5 pS. This is equivalent to a unitary current amplitude of 0.05 pA assuming that the Ca2' diffusion potential across the SR membrane is =100 mV (39) and that the channel is highly selective for Ca2 . Considering the various approximations and assumptions that were used in making this comparison, there is a distinct possibility that the similarity between the single-channel current densities estimated from the patchclamp and single-fiber studies is fortuitous. It is clear that the answer to these and other questions pertaining to the role of the 5-pS channel in excitation-contraction coupling must await further studies on the gating mechanism, density, and localization of Ca2' release sites and on the contribution of alternative pathways for Ca2' release.
